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Abstract A major challenge in biophotonics is multimodal imag-
ing to obtain both morphological and molecular information at
depth. We demonstrate a hybrid approach integrating optical
coherence tomography (OCT) with wavelength modulated spa-
tially offset Raman spectroscopy (WM-SORS). With depth co-
localization obtained from the OCT, we can penetrate 1.2mm
deep into the strong scattering media (lard) to acquire up to a
14-fold enhancement of a Raman signal from a hidden target
(Polystyrene) with a spatial offset.
Our approach is capable of detecting both Raman and OCT
signals for pharmaceutical particles embedded in turbid media
and revealing the white matter at depth within a 0.6mm thick
brain tissue layer. This depth resolved label-free multimodal
approach is a powerful route to analyze complex biomedical
samples.
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1. Introduction
Recently there has been increasing interest for the devel-
opment of multimodal imaging [1] in biophotonics. Spec-
troscopy may reveal molecular markers of disease with high
specificity, while imaging can unravel the microstructures
of tissue with high sensitivity. Thus an approach which
can simultaneously make use of both approaches, for ex-
ample the integration of combination of optical coherence
tomography (OCT) and Raman spectroscopy [2, 3], would
yield simultaneous morphological and molecular informa-
tion and ultimately lead to an enhancement of sensitivity
and specificity for identification that is not possible with
either modality on its own [4–10].
Raman spectroscopy has been widely used for pharma-
ceutical detection [11, 12] and disease diagnosis [7, 13–15].
Whilst OCT can penetrate several millimeters deep into the
samples while scanning over a large transverse area (several
mm2), Raman signals from the deeper layers are very weak
as the photons experience stronger diffusion along the path
to and from the deeper areas. Thus conventional Raman ap-
proach means information beyond 100um is difficult. To ad-
dress this spatially offset Raman spectroscopy (SORS) [16]
has been applied to increase the Raman penetration depth
into samples by spatially moving the collection point away
from the excitation point. The penetration depth is related to
this offset and the optical properties of the sample [17]. In
the most recent SORS approaches, this offset may be fixed
or optimized by moving the collection optics/fibre manu-
ally [18, 19] or manipulated by a digital micromirror device
(DMD) [20], though this adds a degree of complexity. It
is to be noted that to date SORS (as with standard Raman
acquisition) may be hampered by background fluorescence
and this has not been addressed. Furthermore SORS has typ-
ically recorded point signals. Most crucially for this present
work, SORS has not been employed for imaging nor any
multimodal imaging application.
Our letter describes an integration of SORS with OCT
with a number of key innovative attributes. For the first
time we are able to obtain both OCT and Raman images
at large depths ( mm) and co-register data from images
acquired by both modalities. Further, our implementation
of SORS is in itself original, using wavelength modula-
tion, so we can acquire fluorescence-free Raman spectra
at different spatial offsets simultaneously using one sin-
gle CCD camera. Finally, due to the geometry we use this
is achieved in the absence of any moving parts. We term
this original combination of wavelength modulated Raman
spectroscopy (WMRS) [21, 22] and the technique of SORS,
as WM-SORS. We emphasize that our system also uses
the very same optics for the Raman and OCT paths which
allows for co-registration of image data. This original ap-
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proach to multimodal imaging will open up a new route
for simultaneously obtaining molecular and morphological
information from deep layers of biological samples whilst
simultaneously removing any interfering fluorescence.
Our experimental results from complex lard-polystyrene
phantoms show that our multimodal WM-SORS/OCT sys-
tem can penetrate 1.2mm deep into highly scattering media
to acquire Raman signals from the hidden targets. With a
spatial offset of 0.43mm, the system can achieve an enhance-
ment factor as high as 14. A range of experimental results
with pharmaceutical samples and layered rat brain tissue
samples show the ability of our system to reveal the hid-
den targets at depth (> 0.5mm) using both morphological
and molecular information. Thus, Therefore, our approach
opens up new prospects for analyzing complicated biolog-
ical samples and simultaneously obtaining morphological
and molecular information from extended 3D volumes in
tandem for the first time.
2. Materials and Methods
2.1. Wavelength modulated spatially offset
Raman spectroscopy (WM-SORS)
In SORS, the collected Raman photons can reliably recover
biological Raman spectra from deep layers or hidden sub-
jects due to a small offset, s, between the collection point
and the excitation laser as shown in Fig. 1(a). Usually a mov-
able collection fibre or a fibre bundle is needed to achieve
different spatial offsets s in order to obtain Raman signals
from the target at different depths d. Without using any extra
complicated optical component or optical fibre, our WM-
SORS setup is exactly the same as a standard free space
Raman spectroscope. The collection spatial offset is actu-
ally fulfilled by the two dimensions of the imaging CCD
camera on the spectrometer. As shown in Fig. 1(b), the laser
spot and the collection point are imaged on the slit of the
spectrometer which is then relayed onto the CCD camera
in order to get the spectral information. Therefore, the rows
of binned pixels on CCD contain SORS information when
they are not exactly on the rows of pixels which correspond
to the image of laser spot. The spatial offset s′ on the CCD
plane can be converted into the physical spatial offset s on
the sample plane with knowledge of the magnification factor
of 2.78 in the optical system. In this way, one can easily take
standard Raman spectra and SOR spectra, at different off-
sets simultaneously, by extracting the spectra from different
rows of CCD pixels in the spectrometer. From our system,
one standard Raman spectrum and eight SOR spectra at
different offsets can be extracted from each CCD frame. In
order to get WMR/WMR-SOR spectra, five frames from
the CCD camera of spectrometer need to be acquired when
the laser is tuning its wavelength over 1nm with a step of
0.2nm. Then using the wavelength tuning step of 0.2nm as a
parameter, one can calculate one WMR spectrum from five
standard Raman spectra and eight WM-SOR spectra from
each five SOR spectra at each offset [22]. Similar to the
method used in our previous work [21, 22], each WM-SOR
spectrum is calculated from five standard Raman spectra
with the step of wavelength as a parameter using principal
component analysis (PCA). In this way, both WMR spectra
and WM-SOR spectra can be obtained simultaneously from
the frames on the same CCD camera in one single shot using
the analyzing method described previously. With the benefit
of background fluorescence suppression using WMRS [21],
the obtained WM-SOR signal has an enhancement of 20%
to 30% higher than standard SORS from one of our detailed
study (data is not shown here). Therefore, we will focus on
the WM-SORS for the rest of this letter.
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Figure 1 Schematic of WM-SORS. (a) shows the laser, sample
and spatially offset collection point. (b) shows the images of laser
point and spatially offset collection point and their corresponding
WM Raman spectra when the grating is in use.
2.2. Hybrid WM-SORS and OCT system setup
In order to obtain both morphological and molecular imag-
ing at depth, we integrate OCT and WM-SORS into a hybrid
system as shown in Fig. 2. In this setup, a low NA objective
(Thorlabs, LSM02-BB) is used for both OCT and WM-
SORS. A tunable 785nm laser source (Spectra-Physics, 1W,
Ti:Sapphire 3900s) is used as an excitation laser source for
WM-SORS with a wavelength tuning range of 1nm. The
laser power at the sample plane is about 100mW. A broad-
band SLD (Superlum, S850, central wavelength 850nm, ∆λ
= 30nm) is used as an OCT light source. To avoid any signal
loss, a flip mirror (F1) is used to switch between OCT mode
and WM-SORS mode. As the optical refractive index of
the sample is unknown, it needs to calibrate the relationship
between the spatial offset s and the depth information d for
different samples. With such a hybrid system, WM-SOR
spectra or Raman images from hidden objects deep in the
sample can be acquired with the depth information d co-
registered using OCT images. In this way, we can avoid the
complicated calibration procedure of s and d in our system.
Note that a low NA objective is used for both OCT and
WM-SORS which may reduce the performance of Raman
spectroscopy.
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Figure 2 Schematic of hybrid WM-SORS and OCT system. L1
- L10: lenses. M1 - M6: mirrors. F1: a flipping mirror for switch-
ing between OCT and WM-SORS. GR: a transmission grating
(1200 lines/mm, coated for 700–960nm) (drawn in a reflection
mode). G1: a 2D Galvo-mirror (Thorlabs, GVS002). O1: an OCT
objective (Thorlabs, LSM02-BB) and C1: an optical path matching
glass cylinder (Thorlabs, LSM02DC). SLD: a broadband OCT light
source (Superlum, S850). SMF1 and SMF2: single mode fibres. A
spectrometer with a cooled CCD camera (CCD1, Anor Technology,
Newton, 1024x256 pixels) and a Monochromator (Andor SR303i)
is used to acquire Raman spectra. CCD2: a line CCD (e2v AViiVA
EM1, 2048 pixels). E1: an edge filter (Semrock, LPD01-785RU-25).
N1: a notch filter (Semrock, NF03-785E-25). LF1: a laser line filter
(Semrock, LD01-785). S1: a single slit (100um in width). ND1:
neutral density filter. B1: a 50:50 beam splitter. Green dashed
lines and blue dashed lines enclose the OCT section and the
WM-SORS section of the setup respectively.
2.3. Polystyrene/lard phantom
A piece of polystyrene sheet ( 1.5mm thickness) is diago-
nally inserted into a lard block as shown by the OCT image
in Fig. 3. The Raman laser is focused on the lard surface
and both standard Raman spectra and WM-SOR spectra are
taken using an integration time of 10s. The same integration
time of 10s is used for the pharmaceutical particles/lard
phantom and the rat brain tissue. All depth information
in this paper represents optical depth registered with OCT
images. This polystyrene/lard phantom is then used to char-
acterize our WM-SORS/OCT system.
2.4. Pharmaceutical particles/lard phantom
The phantom is made by sandwiching granulated aspirin
tablets and ibuprofen tablets between two slices of lard
(about 1mm in thickness). Raman spectra were acquired
from standard pure lard, aspirin and ibuprofen tablets with
the same system using an integration time of 2s. From the
Raman spectra of lard, aspirin and ibuprofen as shown in
Polystyrene
200um
Lard
Lard
Figure 3 OCT image shows the interface of lard and a
polystyrene sheet. Two yellow dash lines show the interface of
polystyrene sheet and lard. Raman spectra were acquired at the
positions on lard surface as indicated by the red arrows. The cor-
responding WM-SOR/SOR spectra were acquired at the positions
in the perpendicular plane while having a spatial offset s away
from the red arrows. Scale bars indicate 200 µm in horizontal and
vertical directions respectively.
Fig. 4, one can find several characteristic Raman peaks,
for example lines at 840cm−1, 1188cm−1, 1430cm−1 and
1595cm−1, which can be used for identifying these three
compounds clearly.
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Figure 4 Standard Raman spectra from pure aspirin tablet,
ibuprofen tablet and lard with same integration time of 2s.
2.5. Rat brain tissue
Experiments were conducted in accordance with the UK
Animals (Scientific Procedure) Act, 1986. Food and water
were provided ad libitum and there was 12 hour light/dark
exposure. Brain tissue obtained from adult Sprague Dawley
rats was fixed by transcardial perfusion with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde
(PFA) and postfixation in 4% PFA. Cryoprotection was per-
formed overnight in 20% sucrose in 0.1M PBS. Brain tissue
was sectioned in the coronal plane on a sliding microtome
(Leica) at a thickness of 0.1, 0.2 and 0.4mm. Sections were
stored in PBS until used for imaging.
A rat brain tissue sample is formed by one layer of fixed
rat brain tissue with a thickness of 0.2mm being aligned on
Copyright line will be provided by the publisher
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top of another layer with a thickness of 0.4mm. The white
matter within one tissue layer is not directly apposed to the
white matter within the other tissue layer. The sample was
mounted on a thick quartz slide in a petri dish filled with
PBS solution in order to keep the sample moist during the
experiments.
3. Results
3.1. System characterization with
polystyrene/lard phantom
Due to the distance from the laser focus and the high scat-
tering property of lard, the non-offset WM Raman peak
intensities from polystyrene sheet (1001.4cm−1) dramati-
cally decrease when the polystyrene sheet is buried deeper
into the lard, as shown in Fig. 5.
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Figure 5 Non-offset WM Raman intensity of a polystyrene peak
(1001.4cm−1) as a function of the depth of the polystyrene in lard
(plotted on a logarithmic scale).
Figure 6 shows a non-offset WM Raman spectrum (s=
0µm) and WM-SOR spectra with different spatial offsets
s which are acquired simultaneously when the polystyrene
sheet is at 0.6mm (registered by the OCT image) deep in
the lard. All these spectra were normalized by the lard
peak (1430cm−1). The normalized Raman peak intensity of
polystyrene at 1001.4cm−1 reaches a maximum when s is
170µm and it decreases as s increases further. These results
show the effectiveness of WM-SORS for recovering signals
from the hidden samples in the deeper layers, even for the
samples in the layers with high light scattering properties
such as lard.
Figure 7 shows the dependence of the relative intensi-
ties of the polystyrene Raman peak (1001.4cm−1) on the
spatial offset s and the thickness of lard layer d which is
co-registered by OCT image as shown in Fig. 3. The laser
is always focused on the surface of the sample. The depth
information d indicate the location of the polystyrene in the
lard layer at the position of laser focus. As the spatial offset
increases, the Raman intensity ratio from the polystyrene
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Figure 6 WM Raman spectra taken at different spatial offsets
and normalized by the lard peak (1430cm−1) from the phantom
shown in Fig. 3. The optical depth of lard is d = 0.6mm measured
by OCT images. The dash-dotted line shows the zero-crossing of
WM Raman spectra. Traditional Raman peaks are represented
by the zero-crossings in WM Raman spectra while their peak
intensity corresponds to the peak-valley value in WM Raman
spectra.
with a thicker layer of lard increased more rapidly, indicat-
ing that the thicker the top layer, the more enhancement
the Raman signal from hidden polystyrene can be achieved.
According to each ratio curve with the specific value lard
thickness d, there is obviously an optimized spatial offset
for each lard thickness d to record the highest enhancement
for the WM-SORS signals.
3.2. Detecting pharmaceutical particles in Lard
with WM-SORS/OCT
In this section, our WM-SORS/OCT system is used to take
both morphological and molecular images from aspirin and
ibuprofen particles buried deep in a lard block. Figure 8
(a–d) shows the OCT slice images at different depth. One
can clearly see there are two hidden objects at a depth of
about 1mm in the lard. However, it is difficult to discrimi-
nate which pharmaceutical particle we are observing. WMR
spectra are acquired from the same sample, which are shown
in Fig. 8 (e–p). Each 42×42-pixel Raman image using one
characteristic Raman peak intensity is corresponding to
the same area as in OCT images. Different spatial offsets
s are used in order to obtain the depth information from
WM-SORS images. For the non-offset WM Raman with
s= 0µm, the aspirin particle in the deep lard can be seen as
it is quite big and shallow in the lard ( 8 (e)). However, the
smaller ibuprofen particle which is deeper in the lard can
not be detected at all ( 8 (i)). One can see the strong lard
signals present as background noise in all non-offset WM
Raman images (Fig. 8 (e, i, m)). From WM-SORS images
(Fig. 8 (f-h, j-l)), one can see the Raman signals from those
pharmaceutical particles and clearly one can also identify
the aspirin particle and the ibuprofen particle. In the WM-
SORS images from lard peaks (Fig. 8 (n-p)), the dark area
indicates there is no lard where the aspirin particle lies.
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Figure 7 Ratios between two Raman peaks (polystyrene/lard)
as a function of spatial offset s. Each colored curve corresponds
to a different lard thickness d, that is co-registered with the OCT
image. Two peaks are chosen at the largest polystyrene peak
at 1001.4cm−1 and the largest lard peak at 1430cm−1. All ratios
are normalized by the first ratio when no offset is used. Standard
deviations were obtained from six measurements on the samples
for each condition.
3.3. WM-SORS/OCT imaging on layered rat
brain tissue
To further demonstrate the potential of the WM-SORS/OCT
system, a layered rat brain tissue sample, as shown in the in-
sets (a) and (b) in Fig. 9, is used for acquiring both OCT and
Raman images. Using the OCT system, we can acquire an
OCT B-scan image as shown in Fig. 9. The tissue-air inter-
face is quite clear due to the change in refractive index while
the tissue-tissue interface is very blurred. The white matter
within both layers can be seen and are indicated by the green
double ended arrows. The Raman laser also scans along the
OCT scanning line to acquire 100 non-offset WMR spec-
tra and 100 WM-SOR spectra simultaneously. The Raman
images and OCT images show the same slice of the sam-
ple due to the co-alignment between both optical axis in
WM-SORS and OCT. As clearly shown by the brown and
cyan curves plotted on top of the OCT image in Fig. 9, the
Raman signals (Raman peak intensities at 1430cm−1) from
the white matter in the bottom tissue layer are enhanced by
a factor of two when a spatial offset s=86µm is used.
Then, we use the same sample and do an OCT C-scan
over an area of 2.5×2.5mm. OCT slice images at different
depths are shown in Fig. 10 (a–d). In these OCT images,
one can clearly distinguish the white matter in the top layer
(a, b) from the white matter in the bottom layer (c, d). Some
artifacts which may be caused by the liquid between two
layers can also be detected and are seen in Fig. 10 (c, d).
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Figure 8 OCT and WM-SORS images for a phantom of aspirin
and ibuprofen sandwiched by lard layers. (a)-(d) show the OCT
slices at depths of 0.75mm, 0.85mm, 0.95mm and 1.05mm re-
spectively. Note that the OCT images are averaged over 10 slices
around the depth in order to increase the contrast. (e)-(h) show
Raman images at 1188 cm−1 of aspirin with the offset of 0, 86,
170 and 260µm respectively. (i)-(l) show Raman images at 840
cm−1 of ibuprofen with the offset of 0, 86, 170 and 260µm, re-
spectively. (m)-(p) show Raman images at 1430cm−1 of lard at
the offset of 0, 86, 170 and 260µm, respectively. Note that all
Raman images are smoothed with a 3×3 median filter to increase
the contrast.
Raman images using different spatial offsets are ac-
quired on the same area based on the 1430 cm−1 peak
intensities. With zero spatial offset as shown in Fig. 10
(e), one can distinguish the white matter in the top layer but
can not see clearly the white matter in the low layer. From
WM-SORS images as shown in Fig. 10 (f–h), one can see
the white matter in the bottom layer more clearly than the
one in the top layer as the image contrast is substantially
enhanced. Furthermore, the artifacts in the OCT images, as
shown in Fig. 10 (c,d), do not exist in these WM-SORS
images due to the specific molecular information acquired.
4. Discussion and conclusion
We have demonstrated a hybrid WM-SORS/OCT system
which can perform multimodal imaging and acquire both
morphological and molecular images in deep tissue or
through turbid media. As with an established SORS sys-
tem, our novel WM-SORS/OCT system retains the abil-
ity of acquiring both WMR spectra and WM-SOR spectra
at different spatial offsets simultaneously on one single
CCD camera without using any movable optics and addi-
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Non-offset WMRS
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Tissue-tissue interface
(a) Tissue-tissue interface
Tissue-air interface
200 µm
(b) White matter
Figure 9 OCT B-scan image with Raman peak (1430cm−1) in-
tensities on fixed rat brain tissue. Cyan and brown curves show
the Raman peak intensities at 1430cm−1, across the same scan-
ning line of OCT, acquired with non-offset WMRS and WM-SORS
(s=86µm), respectively. Green double arrows show the position
and depth of the white matter in two brain tissue layers. Tissue-air
and tissue-tissue interfaces are indicated by the yellow arrows.
Scale bar equals 200µm in this image. Inset (a) shows a photo of
brain tissue on a quartz slide in a petri dish and inset (b) shows a
diagram of the two layers of brain tissue with white matter.
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Figure 10 OCT and WM-SORS on brain tissue. (a) - (d) show
OCT images of brain tissue at different depth. Note that OCT
images are averaged over 10 slices around the depth in order to
increase the contrast. (e) - (h) show Raman images (at 1430cm−1)
of the same brain tissue at different offsets. Note that Raman
images are smoothed with a 3×3 median filter to increase the
contrast.
tionally removes fluorescence. With the co-alignment of
the OCT and the Raman probe beams, our system can pen-
etrate 1.2mm deep into strong scattering media (lard) to
acquire Raman signals guided by OCT images. Using an
optimized spatial offset in the lard/polystyrene phantom, the
system can achieve a high enhancement factor of 14. With
the added benefit of removing any background fluorescence
using WM-SORS, the Raman signal enhancement was 20%
to 30% higher than standard SORS from one of our detailed
study (data is not shown here). Using our approach, we have
also successfully acquired Raman images from the white
matter through a highly scattering brain tissue layer. The
co-registered OCT and Raman images can reveal both struc-
tural and biochemical information from deep tissues which
opens a new approach to analyze complicated biological
and clinical samples. This hybrid approach has the potential
to improve upon existing OCT methodologies for screening
and diagnosis of myelin-associated pathologies in the brain
and spinal cord such as multiple sclerosis, as well as stroke
and axonopathies [23–26]. We note that we use the same
microscope objective with low NA in our system, which
may reduce the performance of WM-SORS. However, this
paves the way for developing an all-fibre based portable
Raman/OCT probe [10, 14], which uses comparable NA for
both modalities. Using such a compact probe, this combined
technique would allow more efficient biological monitoring
of traumatic CNS injury over time more so than Raman
spectroscopy alone due to the ability to screen tissue at
deeper depths guided by OCT [27]. Furthermore, as clini-
cal diagnosis of brain and spinal cord pathologies already
rely upon magnetic resonance imaging (MRI), inclusion of
WM-SORS/OCT into this platform will add additional non-
invasive investigations at depth, allowing for more precise
monitoring of disease processes. Although our brain tis-
sue data does not yet delve into pathological processes, our
technique reveals the potential for capturing this data in fu-
ture studies using the combined WM-SORS/OCT approach.
We acknowledge Raman imaging is still slow compared to
OCT imaging. However there is potential for this to be im-
proved by using surface enhanced Raman technologies [28]
or even moving to nonlinear approaches, such as coherent
anti–Stokes Raman spectroscopy (CARS) [29] or stimulated
Raman spectroscopy (SRS) [30].
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